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Study  region:  The  study  was  developed  for  the  Pomba  river  basin,  which  is  located  in
southeast  region  of  Brazil  in  the continent  of South  America.
Study  focus:  Hydrological  simulation  may  be  used  to estimate  the water  availability,  ﬂood
streamﬂows  and  the  basin’s  hydrological  response  due  to  changes  in soil  use.  Thus,  aimed
to  apply  the SWAT  model,  version  2005,  to simulate  (i) the  minimum  and  maximum  annual
daily  streamﬂows  associated  to different  return  times,  (ii) minimum  reference  streamﬂows
for  water  rights,  and  (iii)  scenarios  of  changes  in  soil  use.  Were  simulated  the  following  sce-
narios  of  soil  use:  S1—preservation,  considering  the  permanent  preservation  areas  (PPAs);
S2—reforestation  expansion  and  S3—agricultural  expansion,  considering  the replacement
of  10%  of  the  basin’s  total  area  covered  with  pastures  for eucalyptus  and crops,  respectively.
The  current  use  (S0)  being  employed  as  the  baseline.
New hydrological  insights  for  the  region:  It  was  observed  that the  values  of  maximum  and
minimum  annual  daily  streamﬂows  with  different  return  times,  and  of  minimum  reference
streamﬂows  for  water  rights  simulated  by  the  SWAT  did  not  statistically  differ  from  the
values  observed  according  to T-test  at 5% probability  level.  When  assessing  the  effects  of
changes in  soil  use,  a  mean  annual  reduction  in  runoff  from  13.6,  4.0,  and  6.5  mm  was
observed  for  scenarios  S1,  S2,  and  S3,  respectively.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. Introduction
Carrying out hydrological studies in basins arises from the need of understanding the water balance, the processes that
ontrol water movement and their likely impacts on the amount and quality of water.Hydrological simulation of basins is one of the main water resource planning and management tools, developed to assess
he processes that control water movement at different spatial and temporal scales (Spruill et al., 2000). It may  be used to
stimate water availability, to predict short and mid-term streamﬂows, and to analyze the hydrological response of a basin
ue to changes in soil use and cover. From the agricultural standpoint, its importance is mainly to characterize the reference
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streamﬂows for water use rights, crucial for irrigation projects (Viola et al., 2009). The reference streamﬂow means setting
a streamﬂow value that represents the upper water use limit in a water stream and is an appropriate procedure to protect
rivers using a low-risk base streamﬂow (Harris et al., 2000; Silva et al., 2006).
Verifying the maximum, minimum, and reference water rights streamﬂows through the simulated series enables ana-
lyzing the application of the hydrologic model as a water resource planning and management tool (Andrade et al., 2013;
Pereira et al., 2014a; Viola et al., 2009). Thus, validating the behavior of the hydrological model in face of the maximum
streamﬂows—used to study ﬂoods—and minimum streamﬂows—with multiple purposes—is fundamentally important and
allows the model’s performance in simulating extreme values to be veriﬁed (Viola et al., 2009). One of the tools used to
determine the water availability in a given basin is the permanence curve, which provides the frequency at which a certain
streamﬂow is exceeded, and it is often employed to determine the reference values of minimum streamﬂows. Reference
values often extracted from this curve are Q90% and Q95%, which represent the streamﬂows exceeded or equaled in 90% and
95% of the time, respectively.
The SWAT hydrologic model has been widely used in the simulation of daily streamﬂows in basins, however very few
studies assess the model precision for estimating the daily stream ﬂow which allows for the veriﬁcation of the basin water
availability (Pereira et al., 2014a; Andrade et al., 2013). Pereira et al. (2014a) applied the SWAT model for Galo Creek basin,
which has a 942 km2 of drainage area, located in the Espírito Santo State, Brazil, and obtained appropriate simulations of the
minimum annual daily streamﬂow (mean absolute error 10%) and reference of streamﬂow for water rights (Q90% and Q95%)
(mean absolute errors of 5.6% and 4%, respectively), however the model was  not appropriate for estimating the maximum
annual daily streamﬂow (mean absolute error 30.8%). Likewise, Andrade et al. (2013) applied the SWAT model in a basin of
the Alto Rio Grande region, Minas Gerais State, and concluded that the model is applicable for the simulation of minimum
and maximum daily streamﬂow, and those associated with different time regimes of streamﬂow maintenance, in particular
the Q90% (absolute error of 14.9%, average of calibration and validation) and the (Q95%) (mean absolute error 26.8%, average
of calibration and validation). Nevertheless, there have been few studies that assess the model performance to simulate the
maximum and minimum annual daily streamﬂow by testing different return times, which is important for the design of
hydraulic structures.
The SWAT model also has been widely used to evaluate the impacts of soil use and cover upon the hydrologic regime
of basins. These assessments are fundamental for managing and planning the use of water resources (Du et al., 2013; Nie
et al., 2011), and usually includes spatial and/or temporal assessment (Ghaffari et al., 2009; Miller et al., 2002 Nie et al.,
2011). Removing forest cover may  lead to severe impacts on water resources, affecting the basin’s hydrology by changing
interception, inﬁltration, evapotranspiration, and groundwater recharge rates (Baker and Miller, 2013). These changes may
potentially cause ﬂoods in cities and change the streamﬂow’s regime. However, there is no consensus regarding how defor-
estation in tropical regions impacts a basin’s hydrology (Baker and Miller, 2013; Chandler, 2006). Several studies have shown
that reforestation in sub-tropical environments led to a reduction in base runoff due to the higher evapotranspiration rates
(Locatelli and Vignola, 2009; Notter et al., 2007; Pereira et al., 2014b; von Stackelberg et al., 2007). Nevertheless, removing
vegetation may  cause an increase in base runoff if the water inﬁltration capacity of the soil remains unchanged (Baker and
Miller, 2013; Brüijnzeel, 2004).
von Stackelberg et al. (2007) used the SWAT model for simulating the hydrologic impacts of a pine forest (Pinus taeda),
which was introduced as replacement for pastureland in Tacuarembó river basin, Uruguay (a drainage area of 107.7 ha);
and estimated a streamﬂow reduction of approximately 23%. In Brazil, three land use scenarios were compared to baseline
conditions using the SWAT model for the Galo Creek (drainage area of 943 km2) located in Espirito Santo State, over a seven-
year period (Pereira et al., 2014b). In the ﬁrst scenario, the permanent preservation areas (PPAs) of the basin were considered
to be covered by native vegetation (Atlantic Forest). In the second and third scenario almost all the land use was  considered
for the conservation of forest and pasture, respectively. The ﬁrst, second and third scenario represent a soil covered by native
forest of 76, 97 and 0%, respectively, in comparison to the actual scenario of 54% forest cover. For the ﬁrst and second scenario
there was a reduction of runoff of almost 6% and 11.5%, respectively. In the third, there was  a runoff increase of over 14%. A
similar land use impact study was conducted with SWAT model by Rodrigues et al. (2015) for the Pará river basin (drainage
area of 12,300 km2), located in Minas Gerais, Brazil. The authors compared the original land cover in the basin, which was
dominated by the Atlantic Forest and Cerrado biome vegetation, versus the current land use which included 38% pasture,
7.5% eucalyptus forest and 4.5% of perennial and annual crops, and further represented overall declines of about 50% and
25% of the Atlantic Forest and Cerrado biome vegetation. It was concluded that the conversion of native vegetation to the
current mix  of land use has resulted in a 10% increase of streamﬂow at the basin outlet.
However, so that the SWAT model is widely disseminated worldwide, studies still must be carried out under several
edaphoclimatic conditions, mainly in tropical conditions, where the effects of changes in soil use and cover on the hydrolog-
ical regime of basins is controversial. In view of that, the present study aims to publicize the results obtained for a basin with
climate and soil typical of tropical conditions, which is why the Pomba river basin, located in southeast Brazil, was chosen.
The SWAT model, version 2005, previously calibrated for the Pomba river basin with a control section in Astolfo Dutra,
was applied to simulate (i) the minimum and maximum annual daily streamﬂows with different return times, (ii) minimum
reference streamﬂows for water rights, and (iii) the basin’s hydrological behavior for different soil use scenarios.
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sFig. 1. Location of the Pomba river basin in the national context.
. Study area and data availability
The Pomba river basin is located in southeast Brazil between latitudes 20◦50′ and 21◦45′S and longitudes 42◦00′ and
3◦50′W in South America (Fig. 1), an area with a population of approximately 450,000 people (AGEVAP, 2012). The basin
as a drainage area of approximately 8600 km2 and its water is used in several economic activities, among which livestock
nd agricultural farming, furniture manufacturing, fruit pulp manufacturing, electricity generation, and slaughterhouses
tand out.
The mean annual rainfall in the basin is around 1400 mm.  The rainfall database was  made up of historic daily rainfall
eries from 14 rainfall gauging stations available in the Hydrological Information System (HIDROWEB) of the National Water
gency (ANA). The other daily climate data—namely, daily maximum and minimum air temperature, relative humidity, wind
elocity, and solar radiation—came from three meteorological stations of the National Institute of Meteorology (INMET).
he streamﬂow database was made up of 10 streamﬂow gauging stations and the data is also available in the Hydrologic
nformation System (HIDROWEB ANA).
The basin’s soil types are latosols (64.3%), utilsols (18.0%), and cambisols (17.7%), mapped by the survey carried out by
chaefer et al. (2010) at 1:500,000 scale. The data of the physical-hydraulic characteristics of each soil class were obtained
n the Soil Survey carried out by the Radambrasil project at 1:1,000,000 scale (Radambrasil, 1983).
The basin’s soil use and occupation was obtained from the classiﬁcation of the images from the sensor Landsat TM+
f 2010 using the maximum likelihood supervised classiﬁcation method and feature agricultural farming, pastures, urban
ccupation, native vegetation (Atlantic Forest), small areas with eucalyptus, and soil with no vegetation cover (Fig. 2).
raining samples were collected considering 7 soil use classes obtained based on satellite images and ﬁeld visits which
nclude: pasture, native vegetation, eucalyptus, perennial and annual crops, soil with no vegetation cover, urban area, and
ater bodies, with a Kappa index of 80.5%, which is classiﬁed as excellent (Congalton and Green, 1998). To validate the quality
f mapping and to correct for possible mistakes in the classiﬁcation, the soil use map  generated by maximum likelihood
upervised classiﬁcation method was conﬁrmed by ﬁeld visits, and later on was compared with the vegetation cover map
f the ecological and economic zoning of the state of Minas Gerais (ZEE MG)  of 2009.The data referring to each of the soil
ses mapped for the basin were obtained from the model’s database with changes in some variables to better represent the
egetation conditions in Brazil (Table 1).. Methodology
The SWAT model, version 2005, was calibrated and validated for the river Pomba basin using data from Astolfo Dutra
treamﬂow gauging station corresponding to periods from January 1st, 1996 to December 31st, 1999 and January 1st, 2000
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Fig. 2. Soil use and cover in the Pomba river basin.
Table 1
Modiﬁed vegetation parameters from the model’s database.
Vegetation cover BLAI GSi OV N
Native vegetation 7.5 0.033 0.3
Almeida and Soares (2003) Tonello and Teixeira Filho (2012) Neitsch et al. (2005)
Eucalyptus 4 0.01 0.17
Almeida and Soares (2003) Almeida and Soares (2003) Neitsch et al. (2005)
Pasture 3 0.01 0.23
Viola et al. (2009) McWilliam et al. (1996) Gomes et al. (2008)
Agriculture 7 0.0095* 0.14
Viola et al. (2009) Neitsch et al. (2005)
*Mean value obtained based on studies on agricultural crops; BLAI—maximum leaf area index; GSi—maximum canopy stomatal conductance;
OV  N—Manning’s “n” for the surface.
to December 31st, 2004, respectively. The calibration process was  carried out by ‘trial and error’ by changing one parameter
at time and then analyzing the results. Each time a parameter was  changed, we  acquired the simulated streamﬂow values,
which thereafter were compared to the observed streamﬂow values. This comparison was conducted by juxtaposing the
simulated hydrograph with the observed hydrograph. After that, the values of simulated and observed streamﬂow were
compared by using the Nash–Sutcliffe coefﬁcient (CNS) (Eq. (1)), its logarithmic version (CNS)log (Eq. (2)) and bias percent
(PBIAS) (Eq. (3)), trying to maximize the (CNS) and (CNS)log), whereas trying to minimize the (PBIAS). The calibration process
was ﬁnished when the changes in parameters resulted in little or no change in the output results of the model.
CNS = 1 −
n∑
i=1
(Qoi − Qei)2
n∑
i=1
(
Qoi −
−
Qo
)2 (1)
n∑
(log (Qoi) − logQei)2(CNS)log = 1 − i=1n∑
i=1
(
log (Qoi) − log
(
−
Qo
))2 (2)
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Table  2
SWAT model parameters and their calibrated values for the river Pomba basin with a control section in Astolfo Dutra.
Parameter Default Description Calibrated value
CN2 35-92 Curve number, condition AMCII *0.7
SOL  AWC  0.15–0.34 Soil’s available water capacity *1.15
SOL  Z 150–1960 Soil layer depth *0.85
SOL  K 5–75 Hydraulic conductivity of the saturated soil *0.12
ESCO  0.95 Soil water evaporation compensation factor 0.3
*
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CALPHA BF 0.048 Base runoff recession coefﬁcient 0.004
CH  N2 0.014 Manning coefﬁcient for the main canal 0.012
Multiplication sign showing that the default values of the parameters are multiplied by the number after “*”.
PBIAS =
⎛
⎜⎜⎜⎜⎝
n∑
i=1
Qei −
n∑
i=1
Qoi
n∑
i=1
Qoi
⎞
⎟⎟⎟⎟⎠× 100 (3)
he calibration and validation of the model were evaluated based on the CNS and CNS)log coefﬁcients using the classiﬁcation
f the Motovilov et al. (1999), descript as: CNS ou (CNS)log > 0,75 (adequate and good model); 0,36 < CNS ou (CNS)log < 0,75
satisfactory model) e CNS ou (CNS)log < 0,36 (unsatisfactory model). For the assessment under PBIAS was  used the classiﬁcation
uggested by Liew et al. (2007), described as follows: |PBIAS| < 10% (very good model), 10% < |PBIAS| < 15% (good model);
5% < |PBIAS| < 25% (satisfactory model) e |PBIAS| ≥ 25% (unsatisfactory model). The validation was performed also for other
treamﬂows gauging stations in the basin, applying the model with the parameters calibrated to the data from January 1st,
996 to December 31st, 2004 period. In Tables 2 and 3 shows the parameters with their respective calibrated values, and
he results of calibration and validation for each streamﬂows gauging stations, respectively.
Subsequently, calibrated and validated the model was  applied: (1) to simulate the maximum and minimum streamﬂows
ith different return times and the minimum reference streamﬂows for water rights; and (2) to assess the hydrologic
ehavior of the river Pomba basin due to different soil use and cover scenarios.
It is important to make it clear, that the water withdrawals of the basin were not considered due the network of infor-
ation is quite scarce and with heterogeneous distribution over the basin. Probably the use of such data would not affect
igniﬁcantly the calibration.
.1. Simulation of the hydrological variables
In order to assess the performance of the SWAT model for the hydrological simulation of basins, the following simulated
ariables were analyzed for the river Pomba basin: maximum annual daily streamﬂows with return periods of 2, 5, 10, 50,
00, and 500 years, minimum annual daily streamﬂows with a return period of 5, 20, and 50 years, minimum reference
treamﬂows for water use rights (Q7,10, Q90% and Q95%).
The analyses were carried out by comparing the values of the hydrological variables simulated by the model with those
btained from the observed data. The methodology adopted to compare the results is based on the simple linear regression
nalysis using the coefﬁcient of determination (r2), the statistical signiﬁcance of the regression and the angular coefﬁcient
ˇ1) given by F- and T-test, respectively, the value dispersion along the line 1:1, and the mean absolute error. Parameter
1 was estimated by the least squares method. For each hydrological variable, the hypothesis of ˇ1 = 1 was tested, which
able 3
esults of calibration and validation of the SWAT model for streamﬂows gauging stations in the river Pomba basin.
Streamﬂow gauging station Drainage area (km2) Step Precision statistics
CNS (CNS)log PBIAS (%)
1. Astolfo Dutra 2350 Calibration 0.76 0.79 4.6
1.  Astolfo Dutra 2350 Validation 0.76 0.78 5.1
2.  Barra do Xopotó 1280 Validation 0.36 0.13 45.1
3.  Cataguases 5880 Validation 0.81 0.76 11.7
4.  Guarani 1650 Validation 0.62 0.67 10.5
5.  Piau 490 Validation 0.46 −0.32 −8.6
6.  Rio Novo 835 Validation 0.54 0.53 6.2
7.  Santo Antônio de Padua 8210 Validation 0.76 0.75 8.3
8.  Tabuleiro 322 Validation 0.27 0.16 −27.8
9.  Ituerê 784 Validation 0.47 0.59 15.3
10.  Usina Maurício 1770 Validation 0.74 0.66 11
NS—Nash–Sutcliffe efﬁciency coefﬁcient; (CNS)log—Nash–Sutcliffe efﬁciency coefﬁcient of the streamﬂow logarithm; and PBIAS—bias percentage.
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corresponds to a match between the values simulated by the model and those observed. The observed and simulated values
were adjusted in a function y = ˇ1x, i.e., with intercept zero.
The mean absolute error between the values simulated by the model and the ones observed was calculated by Eq. (4):
e =
n∑
i=1
|
(
Vob − Vp
)
|/Vob
n
(4)
where Vob is the ith value observed (real), Vp is the ith value predicted by the model, and n is the number of data.
First, the probability distribution was adjusted to the hydrological series of maximum and minimum events simulated
and observed so that the values required for the linear regression analyses were obtained. The streamﬂow gauging stations
for which the model had a satisfactory performance or better (CNS and (CNS)log > 0,36) (Table 3) when the calibrated model
was applied to them were selected for the application of the distributions of probability, namely: Astolfo Dutra, Cataguases,
Guarani, Ituerê, Usina Maurício, Rio Novo, and Santo Antônio de Pádua (Table 3 and Fig. 3). The historical series were made
up of 20 years of daily streamﬂow data. The location of the streamﬂow gauging stations as well as their respective drainage
area are present in Fig. 3 and Table 3. It is worth mentioning that the main soil use in any of these drainage areas is pasture,
which can be seen in Fig. 2.
For the maximum streamﬂows, the Log-Normal 2 and 3 parameters and Gumbel distributions of probabilities were
employed, while Gumbel and Weibull distributions were used for the minimum annual daily streamﬂow and minimum
streamﬂow from the average in 7 consecutive days (Q7) (obtained from a movable mean). The historical series of the minimum
streamﬂows from the average of seven consecutive days is required so that the value of Q7,10 is obtained. The chi-square
test was used to select the distributions of probability that best represented the data of each historical series.
The Q90% and Q95% streamﬂows were estimated from the permanence curve of daily streamﬂow data, obtained following
the methodology proposed by Tucci (2001).
3.2. Assessment of the impact of soil use changes
The SWAT model, version 2005, calibrated and validated for the river Pomba basin, was  applied with the mouth of river
Pomba into river Paraíba do Sul as the control section to assess the impact of changes in soil use for the whole basin, since
the model was qualiﬁed for that, according to validation tests (Table 3). The model was  calibrated and validated using the
data of current land use (S0) and subsequently it was applied to scenarios of changes in land use from January 1st, 1996 to
December 31st, 2004.
The scenarios of changes in soil use for the Pomba river basin were proposed based on the basin’s characteristics in
order to establish actual scenarios for the site. Overall, the basin has irregular terrain, which makes crops difﬁcult and,
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Table  4
Areas occupied by the different soil uses for the current and simulated scenarios.
Soil use Current use Preservation Reforestation expansion Agricultural expansion
Area (%) Area (%) Area (%) Area (%)
Water bodies 0.41 0.41 0.41 0.41
Urban area 1.48 1.14 1.48 1.48
Crops 7.70 4.79 7.70 17.90
Soil  with no vegetation cover 1.20 0.82 1.20 1.20
Native vegetation 30.92 17.23 30.92 30.92
Eucalyptus 2.76 1.61 12.96 2.76
Pasture 55.53 38.66 45.33 45.33
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Total  100.00 100.00 100.00 100.00
onsequently, farming areas have expanded little. The basin has a high deforestation level, particularly in areas that should
e preserved, which motivated the study of the effects these changes have caused on its hydrological regime. In face of the
ocal realities, the following scenarios were proposed:
.2.1. S1—preservation
This scenario simulated the use of soil with the permanent preservation areas (PPAs) being preserved. In order to map
he PPAs, four classes of permanent preservation areas were considered: a 50 m radius around springs, a 30 m distance
rom the banks of water streams, the upper third of hills, and terrain gradient above 45◦. The PPAs were delimited from the
ethodology developed by Peluzio et al. (2010), following the speciﬁcations of articles 2 and 3 of Resolution 303/2002 of
ONAMA. In spring PPAs, circles with 50 m radius were delimited around the springs with the center at the place associated
o each spring. It was considered that all rivers were less than 10 m wide in the basin and a 30 m wide band was  delimited
or both banks. In order to delimit the hilltop PPAs, the ratio between the hilltop height and the base was  estimated for each
ell of the hydrographically conditioned digital elevation model (HCDEM). This procedure enabled identifying all cells with
 ratio equal to or above 2/3. The HCDEM was reclassiﬁed to identify the areas with gradient above 45◦. In the simulation,
he PPAs were considered to be covered with the Atlantic Forest biome.
.2.2. S2—reforestation expansion
This scenario proposed replacing 10% of the basin areas covered with pastures by reforestation with eucalyptus.
.2.3. S3—agricultural expansion
This scenario assessed the replacement of 10% of the basin areas covered with pastures by perennial and annual crops
e.g., coffee, beans, corn).
The results were analyzed by comparing the series simulated for the soil use scenarios proposed and the series simulated
or the current scenario (current vegetation cover). It is worth pointing out that the simulations do not contemplate changes
elated to soil and crop management due to the lack of more speciﬁc information and that the results are valid for the basin
s a whole, and cannot be interpreted to a smaller area (sub-basin), once the changes in soil use and cover not occurred of
omogeneous way.
Table 4 presents the changes proposed in the areas occupied by the different types of soil uses for the different scenarios
ssessed in relation to the current scenario, while Fig. 4 shows the three scenarios proposed for changes in soil use to evaluate
he impacts on the hydrological behavior of the river Pomba basin by the SWAT model.
The difference between the values in the areas of the soil use classes, between the current scenario and the Preservation
cenario, represent areas in conﬂict, i.e., areas currently occupied by other uses which should be under preservation (Table 4).
urrently, approximately 13.7% of the areas occupied by native vegetation are in PPAs and approximately 22.3% of the areas
f PPAs have other soil uses.
. Results and discussion
.1. SWAT model performance in simulating hydrological variables
The probability models that best ﬁt the data observed were three-parameter Log-normal for maximum streamﬂows and
eibull for minimum and reference streamﬂows, hence they were used in the present study.
The results of the simple linear regression statistical analysis applied to assess the performance of the SWAT model in
imulating hydrological variables are present in Table 5, as well as the mean absolute errors in the simulation. Figs. 4 and 5
hows the dispersion of the values of minimum and maximum events obtained from the data observed and those simulated
y SWAT around line 1:1.
An analysis of Table 5 shows that all linear regressions were statistically signiﬁcant at 5% probability level, which is shown
y the F-test values higher than the tabbed value of 3.776 (one degree of freedom of the regression, six degrees of freedom of
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Fig. 4. Soil use and cover scenarios proposed for the application of the SWAT model in the analyses of changes in hydrological behavior in the river Pomba
basin  (A) S1—preservation, (B) S2—reforestation expansion, and (C) S3—agricultural expansion.
Table 5
Results of the angular coefﬁcient of the regression (ˇ1), of the conﬁdence interval for ˇ1 (IC ˇ1), of F-test, and of the coefﬁcient of determination (r2) obtained
by  applying the simple linear regression of the data estimated from the values observed and from those simulated by SWAT, besides their respective mean
absolute errors.
Hydrological variable Simple linear regression Error
(%)
ˇ1 IC ˇ1 F r2
Q7,10 0.8896* 0.8896 ± 0.017 257.51* 0.977 5.4
Q90% 1.0779* 1.0779 ± 0.043 64.27* 0.915 1.0
Q95% 0.9886* 0.9886 ± 0.073 32.28* 0.843 2.1
Qmin.TR = 5years 1.1595* 1.1595 ± 0.025 197.24* 0.970 20.7
Qmin.TR = 20years 1.0372* 1.0372 ± 0.066 70.40* 0.921 12.0
Qmin.TR = 50years 0.9356* 0.9356 ± 0.111 39.17* 0.867 7.9
Qmax.TR = 2years 0.8225** 0.8225 ± 0.000301 599.47* 0.990 3.0
Qmax.TR = 5years 0.8632* 0.8632 ± 0.000276 396.91* 0.985 6.2
Qmax.TR = 10years 0.8894* 0.8894 ± 0.000270 331.68* 0.982 10.9
Qmax.TR = 50years 0.9426* 0.9426 ± 0.000266 250.15* 0.977 19.3
Qmax.TR = 100years 0.9641* 0.9641 ± 0.000266 227.42* 0.974 22.4
Qmax.TR = 500years 1.0095* 1.0095 ± 0.000269 190.27* 0.969 28.6
*Signiﬁcant at 5% probability level; ** signiﬁcant at 1% probability level.
the residuals, and 5% probability level). F-test was applied to assess the linearity between the estimated and observed data.
Thus, based on the results, it can be said that there is linearity between the data and that the residuals (errors) are small
compared to the sum of the squares in the regression (Fig. 6).Regarding the angular coefﬁcients of the regressions (ˇ1), it can be seen that they were all statistically signiﬁcant at 5%
probability, except for the one obtained in the linear regression of the maximum annual daily streamﬂow data with two-year
return time, which was signiﬁcant at 1% probability. This enables inferring that the values generated by the SWAT model did
not differ statistically from the values observed according to T-test, which shows the linearity relation between the data. The
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stimated from data observed and simulated with the SWAT model for (A) Q7,10, (B) Q90%, (C) Q95%, (D) 5 years, (E) 20 years, and (F) 50 years.
onﬁdence interval for ˇ1 tests whether the value 0 is included in the interval. If it is, that indicates non-linearity between
he data, which was not found in the present study, as seen in Table 5. The linearity relation between the data estimated
ased on the SWAT model and on the data observed may  be reinforced by the analysis of the values of the coefﬁcient of
etermination (r2) (Table 5) and of the dispersion pattern of the values around the line 1:1 (Figs. 4 and 5). Table 5 shows
ood values of r2 ranging from 0.843 to 0.990 for the regression of data of Q95% and of the data of maximum annual daily
treamﬂows with a 2-year recurrence, respectively, while Figs. 4 and 5 shows small dispersions of the data around the line
:1.
The analysis of the mean absolute errors (Table 5) in the simulation of streamﬂow data by the SWAT model compared to
he observed ones show that the former varied from 5.4 to 20.7% for the minimum streamﬂow data and from 3.0 to 28.6%
or the maximum streamﬂow data. Silva et al. (2006) observed mean absolute errors in the estimates of mean streamﬂows
rom the minimum of seven days and of minimum annual daily streamﬂows with the return times of 5, 20, and 50 years of
round 10%, considering these errors to be small in hydrological studies. The mean absolute errors obtained in the present
tudy for the minimum events were close to or even below the ones obtained by those authors, except for the minimum
aily streamﬂow with a 5-year return period, in which the error was 20.7%.
Based on the simple linear regression statistical analyses between the hydrological variable values simulated by the model
nd those observed, which did not statistically differ at a 5% probability level, it can be said that the performance of the SWAT
odel was satisfactory and, therefore, applicable to the simulation of hydrological variables in the river Pomba basin, with
otential to simulate the maximum streamﬂows with different return times which is important for hydraulic projects and
o simulate the reference streamﬂows, which is relevant for assessing water availability and for irrigation projects, hence
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Fig. 6. Linear regressions adjusted to the annual daily maximum streamﬂows estimated from the data observed and simulated with the SWAT model for
return  times of (A) 2 years, (B) 5 years, (C) 10 years, (D) 25 years, (E) 50 years, (F) 100 years, (G) 500 years, and (H) 1000 years.
D. dos R. Pereira et al. / Journal of Hydrology: Regional Studies 5 (2016) 149–163 159
Fig. 7. Permanence curve observed and simulated by the SWAT model for the river Pomba basin in the section corresponding to the streamﬂow gauging
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atation  of Astolfo Dutra.
elping decision-makers to manage water resources. However, the SWAT model should not be used with the information
rom the streamﬂow gauging stations of Piau, Tabuleiro, and Xopotó, whereby the model did not simulated adequately
he maximum and minimum daily streamﬂow, with underestimation of signiﬁcant magnitude in Piau and Tabuleiro and
verestimation in Xopotó, as “PBIAS” statistical coefﬁcients (Table 3).
Fig. 7 shows the permanence curves observed and simulated by the SWAT model obtained from the daily data of the
ontrol section of Astolfo Dutra.
The visual analysis of the permanence curve (Fig. 7) shows that the streamﬂows simulated below 50% permanence were
verestimated by the model, except for permanence below 5%. Regarding the streamﬂows at permanence above 50%, i.e.,
he lowest streamﬂows, the model underestimated the streamﬂows by up to 21.4%, an error obtained for Q90%. Reference
alues often extracted from this curve are Q90% and Q95%, which represent the streamﬂows exceeded or equaled in 90%
nd 95% of the time. In the observed curve, the values of Q90% and Q95% were 14.0 and 10.7 m3 s−1, while the values for the
imulated curve were 11.0 and 8.6 m3 s−1, respectively. In terms of speciﬁc yield, these results represent an underestimation
f 1.28 and 0.90 L s−1 km−2, respectively. Based on these errors, which reached 21.4% for some permanence values but that,
verall, were small for the other values, enabled concluding that the SWAT model appropriately simulated the permanence
treamﬂow curve for the Pomba river basin, thus showing its quality as a tool to aid in managing water resources.ig. 8. Evapotranspiration (ET), surface (Qsur), lateral (Qlat), and underground (Qund) runoff, variation in soil water storage ( = SWt − SW0), and mean
nnual runoff (Qannual), all in millimeters, simulated for the period of 1996–2004 for the different soil use scenarios proposed for the river Pomba basin.
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Table 6
Daily runoff accumulated throughout the year (2000–2004) for the different soil use scenarios proposed.
Year Accumulated annual runoff (mm)
S0—current use S1—preservation S2—reforestation expansion
2000 423.6 416.9 426.6
2001  268 260.7 264.1
2002  432.2 420.1 429
2003  479 464.9 475.1
2004  748.1 720.5 736.1
4.2. Simulation of the impacts of changes in soil use and cover
Fig. 8 shows the mains components of the water balance simulated with the SWAT model for the Pomba river basin from
1996 to 2004, considering the different soil use scenarios proposed. The mean annual runoff (Qannual), annual evapotranspi-
ration (ET), mean surface runoff (Qsur), lateral runoff (Qlat), and underground runoff (Qund) and the mean annual variation
in soil water storage (q = SWt − SW0), all in millimeters, were simulated.
The analysis of Fig. 8 in terms of mean annual runoff (Qannual) shows a value of 464.7 mm for the scenario preservation
(S1), which takes into consideration the permanent preservation areas of the basin covered with Atlantic Forest vegetation.
Since the mean annual runoff value for the current use (S0) was  477.9 mm,  there was a mean annual reduction in runoff of
13.2 mm,  which corresponds to an approximately 3% reduction. Runoff is made up of the surface (Qsur), lateral (Qlat), and
underground (Qund) components, whose values decreased for scenario S1 compared with S0 (Fig. 8). The decrease in surface
runoff is related to the lower values in the curve number (used by SWAT to calculate surface runoff) for the Atlantic Forest
cover, since it offers better soil cover and, consequently, better water inﬁltration. The decrease in runoff values is related with
the increase in evapotranspiration, which was 921.8 mm for S1 against 905.0 for S0, an increase of approximately 17 mm.
Since the Atlantic Forest has mainly a larger leaf area index (LAI) compared with pasture, it enabled a greater gas exchange
between the canopy and the environment (Pereira et al., 2010), thus increasing the evapotranspiration process. Moreover,
a larger soil volume was explored by the roots, which causes a greater water consumption by the vegetation.
For scenario S2, the model simulated a mean annual runoff reduction of 4 mm compared with the current scenario (S0),
which corresponds to approximately 1%, which are associated, as in S1, with the reduction in surface, lateral, and underground
runoff and with the increase in evapotranspiration. In S2, 10% of the pasture cover was  converted into eucalyptus.
For S3, which simulated replacing 10% of the pasture by crops, the mean annual runoff (Qannual) was  471.4 mm,  causing
a mean reduction of 6.5 mm (1.4%) compared to the current soil use scenario (S0). The reduction in the mean annual runoff
is related to a increase by 9.1 mm in evapotranspiration in S3 (914.1 mm)  compared with S0 (905 mm).  Although there was
a reduction in the mean annual runoff, this scenario had an increase in surface runoff of 1.2 mm due to the higher curve
number values with the conversion of pasture areas into crops.
The role of the forest on water quality and quantity in a basin is controversial. Regarding quality, there is more scientiﬁc
consensus, which enables concluding that forest cover improves the related parameters (Bertossi et al., 2013). However,
there is no consensus with respect to the water amount in streams. Many studies point to a reduction in water availability in
the basin when forest vegetation is added (Bosch and Hewlett, 1982; Collischonn and Tucci, 2001; Notter et al., 2007; Pereira
et al., 2014b; von Stackelberg et al., 2007). Some of these studies report a decrease in the mean annual runoff of 10 mm for
every 10% increase in forest-covered areas.
The results obtained in the present study, considering the reforestation scenarios (S1 and S2) were below the aforemen-
tioned values since they had a reduction of 13.2 and 4.0 mm in the mean annual runoff due to reforestation of about 20% (S1)
and 10% (S2), respectively. von Stackelberg et al. (2007), based on comparisons in previous studies, reported that the effects of
reforestation in basin runoff are highly dependent on the climate characteristics (rainfall and potential evapotranspiration)
and of the characteristics of the basins (soils and drainage properties). In the present study, runoff’s strong dependence on
precipitation was observed, as seen in the years of 2001 (below-average runoff, 477.9 mm)  and 2004 (above-average runoff,
477.9 mm)  considering the current scenario (S0) (Table 6).
It is seen that, in 2001, runoff decreased by 7.3, 3.9, and 3.1 mm by replacing scenario S0 with scenarios S1, S2, and
S3, respectively. For 2004, these reductions were of 27.6, 12, and 13.8 mm,  respectively. The magnitude of the reduction
values simulated for 2001 and 2004 is associated with the rainfall indices below and above average (1430 mm)  recorded for
these years. In 2001, the total rainfall was 1294 mm,  136 mm below the average, while the rainfall in 2004 was  1904 mm,
474 mm above the average in the region. These analyses enable verifying that in 2004 the decreases in runoff considering
the reforestation of 10% of the basin were 12.5 mm (S1) and 12 mm (S2), which are close to those obtained in other studies
and show the strong inﬂuence of rainfall in simulating runoff in reforestation areas and the coherence of the SWAT model
in simulations.
The behavior of daily runoff and daily runoff accumulated along 2001 (drier) and 2004 (wetter) can be seen in Fig. 9.
Fig. 9 shows that the daily runoff in 2001 was not above 4 mm throughout the year and that it was  below 2 mm in much
of the year. The opposite is seen for 2004, when the daily runoff was  above 2 mm virtually all year long, with values reaching
over 10 mm.
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Table 7 shows the mean values for maximum, average, and minimum annual daily streamﬂow obtained between 1996
nd 2004 for the different soil use scenarios proposed in order to assess the effects of changes in soil use caused on the
treamﬂow regime of the Pomba river basin.
An analysis of Table 7 shows that the changes in the current use (S0) to scenario S1 caused a mean reduction in the
aximum streamﬂow values of 32.6 m3 s−1, equivalent to 4.1%. There were also reductions in the mean annual values for
he mean and minimum streamﬂows of 3.7 m3 s−1 (2.9%) and 2 m3 s−1 (3.7%), respectively. The reductions in streamﬂow
alues observed when replacing some areas with current use by PPAs, even for the minimum streamﬂows, are associated
ith the same factors previously discussed for the reduction in runoff.
The results obtained with replacing part of the pasture areas by eucalyptus (S2) indicate to a reduction by 5.6, 1.1,
nd 0.6 m3 s−1 in the maximum, average, and minimum streamﬂows, respectively (Table 7). These reductions were small,
quivalent to less than1%.The reduction in the minimum streamﬂow values found for the preservation scenario (S1) and for the reforestation
xpansion scenario (S2), despite seeming contradictory, was observed in other studies (Matheussen et al., 2000on Stackelberg
t al., 2007), which suggests some controversy regarding the effects caused by reforestation or deforestation on the minimum
treamﬂow regime.
able 7
aximum, mean, and minimum annual daily streamﬂows simulated for the different soil use scenarios between 1996 and 2004.
Simulated streamﬂows (m3 s-1) Simulated scenarios
S0—current use S1—preservation S2—reforestation expansion S3—agricultural expansion
Maximum 796.6 764 791 820.6
Mean 128 124.3 126.9 126.2
Minimum 53.9 51.9 53.3 52.4
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An analysis of Table 7, now in terms of the changes carried out in the current scenario and characterized in scenario S3,
shows an increase in maximum streamﬂow by about 3% and a reduction in the mean and minimum streamﬂows by 1.4 and
2.7%, respectively. According to Twine et al. (2004), little is known about the effects of replacing pastures by annual crops
on the hydrological response of a basin, and more studies are required so that this behavior is better understood.
Despite the increase in water consumption in scenarios S1 and S2 via evapotranspiration, the streamﬂow analysis shows
the best water and soil conservation results for these scenarios (Table 7 and Fig. 9). It can be seen that reforestation with
native vegetation (Atlantic Forest) or eucalyptus regulated the maximum streamﬂow, thus controlling erosion processes,
and thus ensured the minimum streamﬂows during drought (Fig. 9) and guaranteed the water availability in the basin.
The vertical structure of the Atlantic Forest (S1) and eucalyptus (S2) enabled a better rate of water inﬁltration into the soil,
replenishing the water table and decreasing surface runoff. Moreover, this structure decreases the kinetic energy of the
impact of raindrops on the soil, thus controlling the laminar erosion process.
5. Conclusions
The hydrological variables of maximum and minimum annual daily streamﬂows, minimum reference streamﬂows for
water rights, and the changes in the hydrological regime of the Pomba river basin in face of changes in soil use and cover
simulated by the SWAT model were explored in this study. The SWAT model, previously calibrated for the Pomba river
basin with a control section in Astolfo Dutra and validated for seven of the 10 streamﬂow gauging stations with good results
in simulating the daily streamﬂows, was applied to estimate the maximum and minimum annual daily streamﬂows with
different return times and to estimate the minimum reference streamﬂows using linear regression analyses to assess the
model’s performance. In order to assess the applicability of the SWAT model in simulating soil use changes, three soil use
scenarios different from the current one were proposed: one scenario of preservation of permanent preservation areas
(PPAs) (S1) and two expansion scenarios, one of reforestation expansion (S2) and the other of agricultural expansion (S3).
In summary, the following conclusions were obtained:
1. The SWAT model showed potential to simulate the hydrological variables analyzed: maximum and minimum annual daily
streamﬂows and minimum reference streamﬂows for water use rights. The hydrological variables simulated by the SWAT
model did not statistically differ from those observed at a 5% probability level, which qualiﬁes the model for simulations of
maximum streamﬂows associated with different return times, important for hydraulic projects, and to simulate reference
streamﬂows, important to assess the water availability and for irrigation projects.
2. Considering the Atlantic Forest in the PPAs (S1) resulted in a mean annual reduction in runoff by 13.2 mm due to the
higher evapotranspiration rate of approximately 17 mm compared to the current soil use in the basin.
3. Replacing 10% of the pasture vegetation by reforestation (S2) and crops (S3) resulted in mean annual reductions in runoff
by 4.0 and 6.5 mm,  respectively. Although runoff decreased in scenario S3, the SWAT model simulated an increase in
surface runoff.
4. A strong inﬂuence of rainfall was found in simulating the mean annual runoff in reforestation areas, where an increase
by 474 mm in the mean rainfall in the basin resulted in a 2- to 3-fold reduction in the mean annual runoff in these
environments.
5. Despite the increase in water consumption in the reforestation scenarios via evapotranspiration, the best water and
soil conservation results were found for these scenarios. The reforestation process was important to regulate maxi-
mum streamﬂow, and thus control the erosion processes. Likewise, the reforestation process also ensured minimum
streamﬂows during drought guaranteeing water availability in the basin.
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